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The Mid-Niigata Prefecture earthquake in 2004 (MJMA 6.8) generated surface ruptures along the eastern rim
of the Uonuma Hills. To elucidate the structural linkage between the surface ruptures and the source fault at
depth, the high-resolution seismic reﬂection proﬁle across the surface ruptures and nearby active faults, and the
data of aftershock distribution are examined. The 5.2-km-long, high-resolution, depth-converted seismic section
reveals an emergent thrust beneath the surface ruptures. A two-dimensional model of the fault geometry has been
constructed based on the aftershock distribution and the shallow reﬂection proﬁle. The development of the main
geologic structure are well explained by forward modeling using a balanced cross-section method. In detail, the
fault system generated the main shock dips at a steep angle (60◦) below 5 km depth and more shallowly (30◦)
near the surface.
Key words: 2004 Mid-Niigata Prefecture earthquake, seismic reﬂection proﬁle, fault model, subsurface structure,
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1. Introduction
The 2004 Mid-Niigata Prefecture earthquake occurred on
October 23, 2004. The main shock (MJMA 6.8) was fol-
lowed by a series of aftershocks, the largest of which were
MJMA 6.0 and MJMA 6.5 events that occurred within one
hour of the main shock, a MJMA 6.1 event on October 27,
and a MJMA 5.9 event on November 8. According to the af-
tershock distribution and their focal mechanisms, the source
faults of the main shock and the largest aftershock are west-
dipping reverse faults (Hirata et al., 2005). Surface rup-
tures associated with this earthquake emerged on the east-
ern ﬂank of the Uonuma Hills (Maruyama et al., 2005).
These surface ruptures are located further east than the up-
ward projection of the fault plane that presumably gener-
ated the main shock. This discordance possibly indicates
upward-ﬂattening thrust trajectory above the source fault at
depth. Identifying structural links between the surface rup-
tures, active folding, and the seismogenic fault at depth is
very important for the accurate evaluation of seismic haz-
ards posed by future earthquakes (e.g. Tsusumi and Yeats,
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1999).
We focus on structural linkage between the shallow sub-
surface structure, the surface ruptures, and the source fault
at depth, using the high-resolution seismic reﬂection pro-
ﬁle across the surface ruptures and nearby active faults, and
data of aftershock distribution.
2. Geologic Setting
The epicentral area of the 2004 mid-Niigata earthquake
is located on the eastern margin of the Niigata sedimentary
basin (Fig. 1), formed by rifting in the early Miocene as-
sociated with the opening of the Sea of Japan (e.g. Sato,
1994). It contains a thick (∼6 km) accumulation of Neo-
gene sediments including volcaniclastic material (Niigata
Prefectural Government, 2000). The eastern margin of the
basin is bounded by the Shibata–Koide Tectonic Line (Ya-
mashita, 1970), which separates the Neogene basin ﬁll from
the Mesozoic basement rocks to the east. The Uonuma
Hills, the most severely damaged areas by this earthquake,
is narrow uplifted belt since the late Neogene, and com-
posed of unconsolidated sediments, Plio-Pleistocene Uon-
uma Formation (Yanagisawa et al., 1986).
The Uonuma Hills form a NNE to NE-trending anticli-
norium. The largest anticline is the Higashiyama anticline,
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Fig. 1. (A) Generalized geologic structure around the Uonuma hills after Niigata Prefectural Government (2000). Locations of epicenter are after Hirata
et al. (2005). X–X′: see Fig. 5, Y–Y′: Shibata-Koide tectonic line. (B) Geologic map showing the Hirokami 2004 seismic line. The geologic map is
after Yanagisawa et al. (1986).
Table 1. Data acquisition parameters for the Hirokami 2004 seismic
survey.
Length of seismic line 5.2km
Source parameters
Source Mini-vibrator (IVI,T-15000)
Sweep frequency 10 - 100 Hz
Sweep length 20 s
No. of sweeps 5 or 7
No. of shot points 515
Shot interval 10 m
Receiver parameters
Natural frequency 10 Hz
Receiver interval 10 m
No. of channels 180
Recording parameters
Instruments JGI, GDAPS-4
Sampling interval 2 ms
Recording length 3 sec
Standard CMP fold 96
where late Miocene volcanics and volcaniclastic sediments
(Araya Formation) are exposed along the axial part. On the
eastern ﬂank of the Higashiyama anticline, Neogene sedi-
ments have been deposited as the Kawaguchi, Ushigakubi,
Shiroiwa, Wanazu and Uonuma formations, in ascending
order. The total thickness of the sediments is 500–2000 m
and shows westward thickening.
Due to contraction since the late Neogene, NNE–NE-
trending folds have developed within the Neogene sedi-
ments. According to the compilation of age and dip-angle
of strata (Ohba and Kosaka, 2001), the sediments younger
than 1.9 Ma shows same rate of deformation. Thus, the
main phase of the shortening deformation began at ca. 2
Ma and has been prevailed associated with the active re-
verse faulting and folding (e.g. Ikeda et al., 2002).
3. Hirokami 2004 Seismic Survey
3.1 Data acquisition and processing
A 5.2-km-long seismic line was deployed across the sur-
face ruptures (Maruyama et al., 2005) and the Muikamachi
and Obirou faults (Watanabe et al., 2001). High-resolution
common mid-point (CMP) seismic reﬂection data were ac-
quired (Sato et al., 2005; Table 1) using a mini-vibrator
(IVI, T-15000) with shot interval of 10 m. The sweep sig-
nals (10–100 Hz) were recorded with 10 Hz geophones de-
ployed at 10 m intervals and a multi-channel (180 ch) digital
telemetry system.
3.2 Interpretation of the seismic data
The seismic line across the Yoshiwara anticline
(CMPs200 to 300), the Koyagaragawa syncline (CMPs500
to 600) and the Muikamachi fault (CMPs 700) from west
to east (Figs. 1, 2 and 3). Along the seismic line, the late
Miocene Toyagamine Formation and Pliocene Shiroiwa and
Wanazu Formations distribute at the axial part of the Yoshi-
wara anticline (Yanagisawa et al., 1986) and the Uonuma
Formation is cropping out on the ﬂank of the anticline.
About 100 m east from the eastern end of the seismic line,
lower Miocene Jonai Group is exposed.
The obtained seismic section portray the asymmetric ge-
ometry of the Yoshiwara anticline with a steeper eastern
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Fig. 2. (A) Migrated, depth-converted seismic section. The location of the seismic line is shown in Fig. 1B. (B) Geologic interpretation of the seismic
section. No vertical exaggeration. See text for discussion of horizons “a”, “b”, and “c”.
Fig. 3. Map showing the geologic structure and tectonic geomorphologic features around the seismic line. A) Strike-line map and distribution of river
terraces. Contour represents 100 m interval in thickness. B) Topographic proﬁle showing the deformation of river terraces along line Z–Z′.
ﬂank (Fig. 2). A gentle syncline, the Koyagaragawa syn-
cline (Yanagisawa et al., 1986), is observed between CMPs
400 and 700 at depths shallower than 500 m below sea level.
Footwall cutoffs apparent between CMP 480 and 700 on the
seismic proﬁle lie at the ground surface to 700 m depth in
the Uonuma, Wanazu, and Shiroiwa Formation. Reﬂectors
in the hanging wall of the thrust marked by the footwall cut-
offs dip westward. We interpret these features as deﬁning
the highest-level, east vergent emergent thrust that break-
through the ground surface.
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Fig. 4. Schematic diagram showing the relationship between the aftershock distribution and shallow crustal structure. The aftershock distribution is
after Sakai et al. (2005). The colored circles are hypocenters of earthquakes recorded between October 24 and October 27 November 2004. Only
those hypocenters within 10 km of the proﬁle are plotted. The location of line X–X′ is shown in Fig. 1.
Based on correlation of reﬂectors on the seismic sec-
tion with stratigraphic contacts of strata (Yanagisawa et al.,
1986), horizon “a” and “b” are interpreted as the top of
the middle Pliocene Shiroiwa Formation and late Pliocene
Wanazu Formation, respectively. The horizon “c” is inter-
preted to be an unconformable boundary with the Uonuma
Formation. Below horizon “a”, the reﬂections are charac-
terized by low frequency content and relatively large am-
plitudes. On the footwall side of the emergent thrust, ge-
ologic correlation of horizon “a” with surface features is
obscured. Here, the horizon may correspond to the top of
the late Miocene volcanics or an older unit.
4. Discussion
4.1 Structural relationship between the coseismic sur-
face rupture, tectonic geomorphology, and active
thrust imaged in the seismic section
The surface trace of the emergent thrust identiﬁed on the
seismic section extends to CMP 700 at the surface (Fig. 2).
This location is consistent with the site at which Maruyama
et al. (2005) identiﬁed a short segment of surface rupture
(CMP 680–710; Fig. 3). To the north, on the banks of the
Wada-gawa River, a 400-m-long rupture has been reported
(Maruyama et al., 2005; Fig. 3). Thus we conﬁdently argue
that these surface ruptures emerged during the 2004 Mid-
Niigata earthquake sequence were generated by coseismic
slip on the emergent thrust imaged on the seismic section.
Topographic proﬁle across the H terraces clearly indi-
cates that the northwest-facing fold scarp of the river ter-
races can be seen at the hanging wall of the emergent thrust,
consistent with the underlying west-dipping strata. Syn-
clinal axis at the base of the northwest-facing fold scarp
is also consistent with that of the Koyagaragawa syncline
(Fig. 3B). Small west-facing fault scarp indicated by the
topographic proﬁle is underlain by the out-of-the-syncline
thrust imaged on the seismic section. The seismic line
crosscuts the surface trace of fold scarps along the Obirou
fault mapped by Watanabe et al. (2001) at CMP 460, be-
low which the seismically imaged subsurface structure cor-
responds to the eastern limb of the Koyagaragawa syncline.
The subsurface extension of the Obirou fault is marked by a
synclinal axis that divides the forelimb strata of the Yoshi-
wara anticline.
The east-facing fold scarp on the H terraces in the eastern
ﬂank of the Yoshiwara anticline indicates that late Quater-
nary growth of the anticline. On the seismic section, the
emergent thrust seem to be displaced younger sediments
than the higher terrace deposits. Judging from the age of the
displaced sediments, the Yoshiwara anticline and Obirou
fault may be produced earlier than the emergent thrust.
Such sequential eastward shift of the deformational front
suggests that the geologic structures on the seismic section
were probably formed by the single fault propagation pro-
cesses.
4.2 Geometry of the fault system associated with the
main shock
The distribution of aftershock hypocenters during Octo-
ber 24 to October 27 was determined by the Research Group
for Urgent Aftershock Observation of the Earthquake Re-
search Institute, University of Tokyo (Hirata et al., 2005;
Sakai et al., submitted). The observed aftershock locations
conﬁgure several faults, including the two west-dipping
faults to have produced the main shock (“a” in Fig. 4) and
the largest aftershock (“b” in Fig. 4), and a shallowly east-
dipping fault associated with the MJMA 6.1 earthquake of
October 27 (“c” in Fig. 4). Focal mechanism for the main
shock event based on body wave analysis (Yamanaka, 2004)
contains a fault plane dipping 57◦, consistent with the fault
plane “a” inferred from its aftershock distribution dipping
about 60◦ (Fig. 4).
The upward projection of the fault plane “b”, which gen-
erated the maximum aftershock, is located near the site
where surface ruptures were observed. However, no seis-
micity was observed along the up-dip extension of the fault
plane at depth shallower than 6 km (Hirata et al., 2005).
The upper extension of the source fault “a” also shows no
seismicity, but this part is marked low velocity structure due
to the thick accumulation of sediments (Kato et al., 2005).
However, the up-dip extension of the source fault of maxi-
mum aftershock, it is marked by high velocity area. There-
fore, the lack of seismicity suggests that the possible up-dip
extension of source fault “b” did not rupture to the shallow
part. Namely, the possible source fault which can generate
the surface ruptures at the eastern rim of the Uonuma Hills
is the one of the main shock (“a” in Fig. 4).
The geometry of the deeper extension of the emergent
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thrust along the northern extension of the Muikamachi fault
has been examined by means of cross-section balancing of
the geologic cross-section across the Uonuma Hills. The
earliest stage of tectonic development in Fig. 5C corre-
sponds to deposition of the tephra named NA13 (ca. 3.9 Ma)
in the Ushigakubi Formations (Yanagisawa et al., 1986).
The paleobathymetry during the deposition of NA13 in-
dicates that the lower part of the Ushigakubi Formation
in the western limb of the Higashiyama anticline was at
outer sublittoral to upper bathyal depths (Yanagisawa et al.,
1986). On the eastern limb of the Higashiyama anticline,
the paleobathymetry of the NA13, which occurs there in
the middle of the Ushigakubi Formation, is estimated to be
outer sublittoral based on benthic fossils (Yanagisawa et al.,
1986). This indicates that the paleobathymetry of NA13
was deeper to the west (∼800 m) than to the east (∼150 m).
Given conservation of bed areas during deformation, we es-
timated appropriate restoration of deformed strata based on
quantitative relationships between fault and fold geometry
and the amount of slip on fault planes. Present thrust pro-
duce surface ruptures already emerged to the surface. Thus,
forward modeling was carried out based on the fault-bend
theory.
Our kinematic models suggest that the Higashiyama an-
ticline and minor folds to the east are underlain by a sin-
gle, upward-ﬂattening thrust fault with several anticlinal
and synclinal fault bends. Deeper 60 west-dipping ramp
below the Higashiyama anticline is consistent well with the
presumed fault plane that generated the main shock. Fur-
thermore, shallower 30 west-dipping ramp appears to link
with the emergent thrust imaged on the seismic section, and
thus, the surface ruptures generated by this earthquake se-
quence. While further elucidating the relationship between
the source fault and surface ruptures will require deep seis-
mic proﬁling to obtain more detailed, crustal scale geometry
of the fold-and-thrust belt.
5. Conclusions
High-resolution seismic reﬂection proﬁling was carried
out across surface ruptures associated with the 2004 Mid-
Niigata Prefecture earthquake. The resulting seismic reﬂec-
tion proﬁle reveals an emergent thrust beneath the surface
ruptures. Based on observed geologic structures, this emer-
gent thrust is inferred to be the northern extension of the
Muikamachi fault.
Taking into consideration the geometry of the fault re-
sponsible for the 2004 earthquake estimated from after-
shock hypocenters and shallow subsurface structures re-
vealed by the seismic reﬂection data, we have developed
a two-dimensional model of the fault geometry. Forward
modeling based on a balanced cross-section technique pro-
vides an upward ﬂattening trajectory of a thrust that are
consist of both the presumed fault plane that generated the
main shock event and the location of the surface ruptures
(Maruyama et al., 2005). Thus we concluded that the thrust
fault model presented here are possibly responsible for the
main shock event of this earthquake.
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